Recently, the analysis and prototyping of biologically inspired adhesive pads have been the subject of growing interest. Similar to biological counterparts, these synthetic adhesives consist of rafts of tiny protruding fibers. The adhesion performance of these micro-engineered products is highly dependent on the geometrical and mechanical properties of the micro-fibers and the surface they adhere to. Small fluctuations in these parameters can drastically change their adhesion performance. In this investigation, a comprehensive mathematical model of a single micro-fiber with adhesion capability in contact with an uneven surface has been developed and the behavior of the model studied. To provide more realistic results, this analytical model could be extended to an array of micro-fibers. Thus, in a further step, using a Monte Carlo simulation, we studied an array of these micro-fibers under more realistic conditions with several degrees of uncertainty. The results deduced by this novel modeling approach are in good agreement with the experimental measurements of adhesion performance in synthetic adhesive pads available in literature.
Introduction
The ability of various types of lizards and arthropods to climb vertical walls has been an intriguing subject of research in the past decade. Autumn et al. [1, 2] pri- Figure 1 . Arrays of micro-sized fiber-shaped contact elements on the sticky pads of various natural species [4, 17] .
marily studied the origin of the adhesive interactions between the toe tips of Gecko, supreme nature wall climbers and their surroundings. Studies have revealed that, depending on the body weight and life style of the creatures, nature has provided different types of sticky organs [3] [4] [5] . Based on these studies fiber-shaped microstructures, on the contact tips of these animals (see Fig. 1 ), employ a range of feeble surface active forces to provide enough resultant sticking force for their activities. Numerous studies have been carried out investigating the nature of these adhesive forces [1, 2, 6, 7] . It is well known that, at least in Geckos, Van der Waals forces are the major contributing factor of the adhesion. However, the effect of capillary adhesive force, a superior support to Van der Waals forces, is not negligible, especially in the cases of species with coarser sticky pad structures such as flies and beetles [8] [9] [10] [11] [12] . Moreover, several investigations have been carried out to show the importance of the complex hierarchical micro-structures of natural sticky pads [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Based on these studies, the main advantage of micro-fiber-shaped structure is to increase the compliance for conforming intimately to the surface with varying degrees of roughness. Moreover, the geometrical aspects of these micro-structures, like the shape of the contacting tip of the fibers and their angle with respect to supporting surface, provide characteristics such as directional behavior which permits the control of adhesion by controlling the tangential forces at the feet [23] [24] [25] [26] [27] [28] . Another important attribute of the micro-structured fibers is their self-cleaning nature. This property coupled with the geometrical and physical properties of fibers [29, 30] defines the duration of the stickiness while the animal is walking with sticky toes in a polluted environment. Various mechanical models have been developed to shed light on the relevance between the early described characteristics of natural sticky pads and their geometrical, mechanical and material properties [16] [17] [18] [19] [31] [32] [33] [34] [35] . It should be noted that regardless of the adopted method of modeling, almost all of the available models in literature are based on a set of simplifying assumptions. While some of these assumptions are valid in both micro-and macro-scales, others need to be reconsidered in more detail.
Many researchers have tried to create prototypes of synthetic sticky pads [25] [26] [27] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . The purpose of these attempts is to provide effective and generally applicable sticky pads for future applications. However, as most of these attempts employ simplified models, a more generalized model is necessary to simulate the mechanics of these synthetic sticky pads. In this study a more generalized and applicable approach is provided to model and simulate the mechanics of the synthetic sticky pads. The effect of slightly varying the geometrical dimensions of the fiber during the development of the method will be considered in the current modeling effort. Furthermore, the opposing surface is modeled as an uneven surface with a range of roughness amplitudes. In this study it is assumed that the surface roughness amplitudes are normally distributed. However, a more deliberate discussion for the surface roughness amplitude can be found in the literature [52] .
Similar to earlier cited approaches available in literature [46, 53] , fibers are modeled as flexible cantilevers and the more generally acceptable Elastica theorem is utilized to address the compliant properties of the contact interface. Detailed discussion of the modeling scheme is provided in Section 2. In this work, a Monte Carlo simulation (MC) is employed to accommodate all the uncertainties in the underlying assumptions. The basic steps in the MC analysis are provided in Section 3.
The approach employed in this study for modeling and analyzing the synthetic sticky pads is we believe realistic. The results of current modeling scheme are compared to experimental results available from previous publications. In particular both the adhesion pressure and the amount of sheer force exerted by a sticky pad during contact, are utilized as comparison criteria. It is shown that the proposed model can be used as an effective tool in simulating man made sticky pads.
Mathematical Modeling of Compliant Contact Interface
During contact between an array of inclined micro-fibers and an uneven surface, fibers undergo a range of deflections. Each specific touching fiber experiences two components: the surface effective adhesive force and the elastic tensile or compressive force that arise from the deformation of the fiber. Even for an array of fibers in tension there are some individual fibers which are still in compression. In this case the adhesive forces just help the fibers to keep in touch with the opposing surface. These fibers do not contribute to the total adhesive force of the array. Generally the competition between these two force components governs the adhesion performance of the array. Assuming the tip of the fiber adheres to opposing surface by a force F A , applying the principles of fracture mechanics by looking at the contact tip as a crack the fiber detaches from the surface when the energy release rate G exceeds the work of adhesion W adh (J/m 2 ). The energy release rate G is related to the geometrical and mechanical properties of the contact interface. We assume flat punch shaped tips for the fibers where the contact with the opposing flat surface is purely made through their flat tips. Thus, as a first-order approximation, a cylindrical elastic fiber with radius R adheres to an elastic semi-infinite opposing surface by the force given in equation (1) [23]
where
is the contact equivalent modulus of elasticity between the fiber and the opposing surface material and E is the modulus of elasticity and υ is Poison's ratio of each material. Subscripts s and f stands for surface and fiber, respectively. The shape of the contact tip can dramatically change the magnitude of the effective adhesive force exerted by the fiber tip. The analysis of this effect has been provided previously by several authors [23, 26, 27, 54] .
In addition to the adhesive force, during contact a component of deformation force will develop on the body of the fiber. Supposing each fiber is a slender cantilever flexible rod subject to large amount of deformation during contact (as shown in Fig. 2 ) then the Elastica theorem predicts the deformation profile of such a fiber [53] . If each fiber is treated as a cantilever beam with radius R, length L, modulus of elasticity E f , area moment of inertia I = πR 4 /4, and θ natural slope of the fiber measured from tangential direction of substrate surface when this fiber is subjected to the deformation , the repulsive elastic force component, F E , would be exerted into the tip of the fiber.
The relationship between F E and is by [55] 
where F (•, •) and E(•, •) are the elliptic integrals of the first and second kind, respectively, k = (F E /E f I ), and p is the modulus. Equation (3) yields the modulus p that governs the deflection shape. Equation (3) should be solved numerically over the domain of interest. By using a Maple software package equation (3) is numerically solved for modulus p. By substituting the resultant p into equation (2) , and again by using a numerical solver in Maple the amount of exerted deflection force to the fiber can be found as a function of fiber deflection . Figure 3 depicts the relationship between the deformation force and the deflection amplitude, interpreted by surface roughness amplitude, for various inclination angles between fiber and surface (0 < θ < 90 • ).
As shown in Fig. 3 for the case of vertical fibers under deflection (θ = 90 • ) considerable repulsive force would be developed. This behavior is expected mainly because under this situation the only mode of deflection available for the fibers is buckling. As an expected result, an array of such vertical fibers loses its adhesion easily during contact with a relatively rough surface. Similar conclusion can be reached easily by utilizing a large deformation theorem. However, by using conventional deformation analysis available in the classical mechanics of material literature assumptions in modeling of fibers, it is hard to consider different states of contact between the fibers and the opposing surface. Figure 4 depicts the error of the repulsive force, predicted by large deformation, compared to typical deformation analysis. In this figure it is assumed that the fiber is clamped to the opposing surface.
When fiber is compressively loaded onto a surface and tends to slip along it, the applied load F in equation (2) can be modified to accommodate an additional shear load V which acts on the tip of the fiber in a direction parallel to the opposing surface (see Fig. 2 ). Using simple Coulomb friction [41, 43, 53] , the magnitude of this shear force is:
The friction coefficient μ is dependent on the material characteristics of fibers and opposing surfaces. The term S in equation (4) comes from contribution of adhesion to the friction. At this contact length scale, there is a close relationship between the friction and adhesion and the difference between them are dependent on mechanical properties of the surfaces. However, the magnitude of the term S is highly dependent on the presence and nature of the liquid films between the contacting surfaces. Therefore, it is reasonable to eliminate it during contact between two dry surfaces under controlled environmental conditions or by applying relatively large compressive loads. Figure 5 illustrates the change of elastic repulsive force by considering the friction force during contact. Up to this point the mechanics of an individual specific fiber under contact with a rough surface has been described. To explain what happens in an array of fibers during contact with a rough rigid surface we provide a novel analytical method based on Monte Carlo simulations (MC).
Monte Carlo Simulation (MC)
The mathematical model of the surface contact to a single micro-fiber has been discussed in earlier sections. However, in a biological or synthetic adhesive pad rafts of micro-fibers are simultaneously in contact with the opposing surface. Thus, in order to study the attachment performance of these structures it is necessary to develop a model that considers a bundle of fibers in contact with a surface. Several parameters should be closely considered during the study of the attachment performance of an array of micro-fibers. Among these parameters are: the packing density of the fibers; neighbor to neighbor relation between them; the geometrical and mechanical properties of each fiber; and the geometric and surface properties of the contacting surface.
The number of fibers in a sample is dependent on the area and density of occurrence of fibers. Considering the fibers as cylinders made from the same material with known mechanical properties, it is also necessary to consider the important geometric parameters of each fiber such as the length, diameter, tip geometry and angle of inclination of each fiber. Additionally, in order to calculate the resultant adhesion performance of the entire fiber array, the behavior of each individual fiber needs to be investigated. For single value and predetermined parameters it is possible to develop a deterministic model for the whole array. However, in practice the geometric dimensions of micro-fibers, both in natural spices and synthetic prototypes, are neither constant nor completely predetermined. On the other hand, the deflection of each fiber is a function of several other variables like the surface roughness amplitude at the contact point, the geometry of supporting pad of the fiber array and the amount of preload exerted on the sample during contact with the opposing surface. Yet, all of these parameters are subject to change from one sample to another and from one contacting surface to another.
In practice, a mathematical model of an array of micro-fibers in contact with a rough rigid surface is defined by a number of noisy inputs and few equations that use those inputs to give a set of output variables (or response). In such an undetermined system, Monte Carlo simulation (MC) can be employed as a robust technique for the purpose of analysis. MC is a method for iteratively evaluating a deterministic model using sets of random numbers as inputs. A simulation can typically involve over 10 000 evaluations of the model, a task which in the past was only practical using super computers. In the current study a computer code is developed to predict the attachment performance of an array of micrometric fibers as a function of sets of uniformly distributed pseudo-metric random numbers that represent the magnitudes of length, diameter, angle of inclination and the position of fibers and a set of normally distributed random number representing the magnitude of roughness amplitude effective on each fiber in contact. Better approaches to the modeling of surface roughness have been provided in the literature. For instance, Presson et al. [56] provided a more realistic model for the distribution of surface roughness heights using a fractal model. Other parameters such as the mechanical and physical properties of the fibers material and the distance between the backing surface of fibers and the opposing surface (see Fig. 6 ) and the amount of preload force applied to the whole array are presumed constants and determined parameters of the model. Based on these inputs, MC code calculates iteratively the amount of deflection exerted on each fiber in the array and then uses it to calculate the adhesive and repulsive components of forces applied to each fiber using a suitably fitted curve that is numerically developed based on equations (1)- (3) and the physical properties of the fibers and the interface.
Utilizing this approach for modeling bundles of fibers, some interactions between individual fibers can be evaluated effectively. Clumping of fibers in the array attenuates the resultant adhesive performance of the array by restricting the conformability of a group of fibers to the underlying surface. Based on the aspect ratio of the fibers, fabrication technique and stiffness of fiber material, fibers can stick together through their tips or along their sides. Recently Schubert et al. [43] studied clumping based on a theory of flexible bars and the principle of minimum potential energy. Based on this study, and to avoid fibers clumping from the tip and the side it is necessary to place them at a safe distance provided by equations (5) and (6), respectively: where W adh is the work of adhesion per unit area for the fiber material and ω is the energy of adhesion per unit length of contact between adjacent fibers [43] . In the case of elastic cylinder fibers, primarily covered in this study, ω can be calculated from equation (7) as:
Knowing these criteria, during the analysis via the MC code, each fiber randomly placed in the bundle was checked for probable tip or side clumping with neighboring fibers. The adhesion contribution of clumped fibers should be eliminated from calculations, so that the computations will yield the resultant attachment force. These procedures were iterated for a preset number of epochs. The stochastic analysis of the computed resultant attachment forces for different macro-sample was calculated and eventually presented as the output.
Results and Discussion
In order to evaluate the accuracy and precision of the adopted approach, in this section the results derived by MC simulation are compared to corresponding experimental measurements. The experimental values have been gathered from recent studies conducted by various researchers. Table 1 presents the gathered experimental data for this purpose. In all cases presented in Table 1 , the resultant adhesion force is measured for the contact between the prototyped array of micro-fibers and a fairly rigid surface. The shape of the rigid surface and its range of roughness am- plitude can drastically affect the magnitude of measured adhesion force. For the sake of comparison we tried our best to simulate same surface conditions offered by these experiments throughout the MC simulation. For this purpose, the distribution of micro-scale contact roughness amplitudes should be changed based on the macro scale geometry of the underlying contact surface. This has been done by transforming the normal distribution range into a distorted distribution representing the geometry of contacting surface (e.g., in case of a semi-spherical contact surface the code generates a range of random numbers representing both semi-spherical surface in macro scale and roughness amplitude range in micro-scale).
A separate MC simulation was carried out according to each individual experimental case provided in Table 1 . For some cases where the mechanical and geometrical specifications like contact surface roughness and effective contact surface were unavailable, we tried to retrieve these values from the most identical cases available. However, in some cases, inevitably, engineering approximation has been employed.
As a numerical method, MC analysis is sensitive to the number of fibers in each simulation. For this purpose the effect of number of fibers on the precision of the results has been evaluated as shown in Fig. 7 . For a typical analysis it is clear that the results converge to a specific value by increasing the number of fibers. Generally speaking for a sample with more than 2000 fibers the accuracy of the result should be better than for a sample with fewer fibres.
Beside the accuracy, the repeatability of the results should be examined. To determine this, a batch of MC simulations has been carried out for a specific case. The variation of the results is illustrated in Fig. 8 . An almost normal distribution of the results supports the appropriateness of the simulation. Thus, it is reasonable to say Table 2 . For each case, the resultant adhesion pressure for an array of fibers, with defined characteristics, is calculated by MC analysis and compared to its corresponding experimental value. It is clear that there is a good agreement between the numerical results of the MC code and the experimental measurements. In most cases MC analysis predicts the upper bond of adhesion pressure successfully. However, in case of the lower bond, MC analysis approximates the results rather fairly.
Experimental measurement of adhesion pressure is a challenging task. Several parameters like proper alignment between adhesive pad and contact surface, nonuniformly distributed loading and unloading, cleanness of adhesive pad fibers and measurement environment can drastically change the result. However, for stiffer materials, like case 3 in Table 2 , the measurement conditions are even worse. This explains the considerable difference between experimental and MCS results. If not impossible, it is tedious to simulate all of these conditions in an MCS environment to obtain better results.
Conclusion
In this study a novel mathematical model for the contact between an array of microfibers and an opposing surface is presented. The developed Monte Carlo based model accommodates important deviations in geometric parameters of fibers and uneven opposing surfaces. A qualitative study of the results of this model has proven its ability for investigating adhesion performance of adhesive pads. Comparison between resultant theoretical adhesion pressure provided by this method and the corresponding experimental values support the validity of model. Compared to previous modeling techniques, this novel approach in modeling is more realistic. This model can be employed for the design and evaluation of novel adhesive pads for future applications.
